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Abstract

Measurements of charged particle densities using minimum-bias events foton{pr
proton collisions at a center of mass energy of 900 GeV are presentexidénsities and
the average transverse momenta of charged particles are shown agianfuf the trans-
verse momenta of a leading r charged particle, concentrating on phase-space regions
which are most sensitive to the underlying event. The data are unfoldegl aibin-by-bin
correction procedure and compared to several Monte Carlo (MC)qtias with different
treatments of the underlying event.
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1 Introduction

Measurements which have sensitivity to the soft underlying events are tampdor early physics in
ATLAS as they allow us to understand data in terms of the Monte Carlo models tedoeto extract
potential new physics. The ATLAS collaboration has already publishexdtarte on charged multiplici-
ties [1], concentrating on global event characteristics. We extend thisureraent by studying charged
particle densities in regions which are most sensitive to the physics of trelying event. The mea-
surement is performed in three regions of phase space, as shown I Wigere the "transverse” region
is the region which is the most affected by the soft QCD processes Ebpfor the underlying events.
Unlike the measurements presented in [1], the current measurement issinge bin-by-bin correction
as discussed below.
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Figure 1. A schematic representation of the phase-space regionsardbe studies presented in this
note.

2 Dataselection and M C samples

The 900 GeV data used in this analysis were collected during 2009 andehts ¢ be analysed were
selected using an identical procedure as described in [1]. As in [y poimary tracks are selected with
pr > 500 GeV andn| < 2.5%. The datasets used were those obtained from the first reprocessing.

The analysis was done using ESD/AOD files, converting them into the NtujkeM2] format to
reduce the size and the increase the data reading rate. The NtupleMaksrikformation on tracks and
truth particles in the form of a TLorentzVector-derived class (unlike D3#ich are based on vectors of
numbers). After setting loose cuts on tracks and truth partigges>0.45 GeV), the size of the output
files was reduced by a factor 8 compared to the standard D3PD and a-pasgever the data was
reduced by a factor five. As a cross check, a similar analysis wasrpertbby rerunning over D3PDs
and converting its record into the NtupleMaker tree.

For the MC samples, the following sets are used:

1The ATLAS reference system is a cartesian right-handed coordinstersywith the nominal collision point at the origin.
The anti-clockwise beam direction defines the posithexis, while the positive-axis is defined as pointing from the collision
point to the centre of the LHC ring and the positiye@xis points upwards. The azimuthal angigradians) is measured
around the beam axis, and the polar angjis the angle measured with respect to thexis. The pseudorapidity is defined as
n = —Intan@/2. pt > is the track momentum transverse to the beam direction.



mc09_900GeV.105001.pythia_minbias.merge.AOD.e500_s655_s657_d257_r1023_r1051
mc09_900GeV.105003.pythia_sdiff.merge.AOD.e466_s655_s657_d257_r1023_r1051
mc09_900GeV.105004.pythia_ddiff.merge.AOD.ed466_s655_s657_d257_r1023_r1051

mc09_900GeV.108310.pythia_minbias_DW.merge.AOD.e504_s655_s657_d257_r1023_r10561
mc09_900GeV.108311.pythia_sdiff_DW.merge.AOD.eb504_s655_s657_d257_r1023_r1051
mc09_900GeV.108312.pythia_ddiff DW.merge.AOD.e504_s655_s657_d257_r1023_r1051

mc09_900GeV.108313.pythia_minbias_PerugiaO.merge.AOD.e504_s655_s657_d257_r1023_r1051
mc09_900GeV.108314 .pythia_sdiff_Perugia0O.merge.A0OD.e504_s655_s657_d257_r1023_r1051
mc09_900GeV.108315.pythia_ddiff_Perugia0O.merge.AOD.eb04_s655_s657_d257_r1023_r1051
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Figure 2: Several distributions which illustrate the track selection: the nuoflokrgrees of freedom on
the track (Ndf), the track fit chisquareg?), the track perigee to the event vertex (d0), the scaled track
distance of closest approachzalong the beam linezQ sin(0)), the number of hits on the track in each
tracking detector (PixelHits, TRThits, BLayerHits, SCThits). The verticadishow the cuts applied on
the distance of the closest approach to select primary tracks.
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The main analysis is done with the first MC set, while the other two tunes argfarssgistematics
studies as discussed below. We do not use the PHOJET MC model [3gfoedlons to be described in

Sect. 6.

To provide high statistics Monte Carlo samples for comparison with the unfolaiedand in order to
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study other MC tunes, the NtupleMakerTruth [4] was used to generateTR@© with TLorentzVector
records. The official Monte Carlo production option files were usea ffith level to be shown on all
figures was generated with the statistics a factor 5-10 larger than thatars#ata unfolding.

Figure 2 shows several track-quality in data distributions for the seleetegle. Figure 3 shows
shape comparisons for a few basic distributions between data and PYaitéi#the selection cuts. The
standard ATLAS MCO09 tune was used. There is a good agreement lvetiateeand Monte Carlo pre-
dictions for the shapes. Some small discrepancies are seen for small multgliitiese are attributed
to a contribution from diffractive events (will be discussed below).
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Figure 3: A shape comparison between data and PYTHIA after the desatiolation. All distributions
are normalized to 1. A small discrepancy between data and MC in the regioeméaithnumber of tracks
is attributed to the presence of diffractive events (not included to the MC diionila

One of the main motivations for this analysis is to reconstruct particle densai&gr than doing a
shape-comparison analysis. A density is defined by dividing the numlegttiéés in a given bin by the
total number of events and by the bin size, where the total number of evaeraieigated as the number
of events which have a leading tracks wjth > 1 GeV. Figure 4 shows the shape distributions in Fig. 3
transformed into particle densities as defined above. Good agreemeeebetata and Monte Carlo is
still evident.
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Figure 4: A comparison between data and Monte Carlo for track densitissasibed in the text.
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3 Uncorrected distributions

In this section we will consider the observables we wish to study, but stemted at the detector level

without unfolding to the truth level.

Figure 5 shows the density of tracks as a function of the azimuthal angle®&etiie leading track
and any other track in an event with tpe > 0.5 GeV. The comparison to Monte Carlo predictions was
performed with the PYTHIA model after full detector simulation. The PYTHIAdabwas tuned using
the standard MCQ09 ATLAS tune and the PerugiaO tune. The density pgragnitiorapidity is defined as

N 1
(Nmex — Nrmin) Ney0 @’

whereN is the number of entries in th&g bin of the size QL6 rad and)max — Nwin = 5 represents the
full pseudorapidity range and, is the number of events triggered by a track withabove some value.
Although the general shape of the particle density distribution given by tbetédICarlo models
agrees with the experimental data, we note that the data contain a highedérssiky at large angle to
the lead track.
Figure 6 shows the number of tracks in an event in a gigefiead.) bin per unit range inp andn.
This normalized density distribution is calculated as:

N 1
(rlmax - nmin) Nr:szCD7

whereN is the number of entries in bins @i (lead.), Ne, is the number of events, ardp is the range
in @. In the case of the toward, away and transverse regibps; 0.33 rad?
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Figure 5: Track densities a function of the distance in the azimuthal anglebetilie leading track and
any other track in an event. The density far(lead.) > 3 GeV was shifted by 0.1 for a better separation
from the other distributions.

2|t should be mentioned that the above distribution is a normalized fregutisteibution expressed in terms of the (lead.)
variable as no division by the bin size is assumed.
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Figure 6: The average number of tracks per event per unit interva)gras a function ofor (lead.) for
the different regions defined in Fig. 1.

Figure 7 shows the average track transverse momentum in an eventrasgiarfwf pr(lead.). Both
Fig. 6 and 7 show similar features; the Monte Carlo prediction lies systematicayviithe data as
pr(lead.) is increased. This is particularly true in the transverse region and reflectsorresponding
difference in particle density between Monte Carlo and data seen in thisir@gm 5).

4 Diffraction

To understand the contribution from diffractive events, we have use@®¥TrHIA MC09 models with
single (SD) and double diffraction (DD) as described in Sect. 2. The minitiasevents were mixed
with the single and double diffractive events in accordance with the qoneking cross sections defined
by PYTHIA.

To illustrate the contribution from diffractive events, Fig. 8 shows the visilidss section differential
in pr at the detector-level as a function pf(lead.) from 0.5 to 2 GeV. The shaded histograms show
the single and double diffractive contribution to the visible cross section iMHRX. The diffractive
contribution is at the level of 13% (SD) and 2% (DD) for(lead.) > 0.5 GeV. It decreases to 3% and
1%, respectively, fopr(lead.) > 1 GeV. The diffractive contribution is negligible fqur(lead.) > 2
GeV (below 1%). With this observation in mind, the analysis was dongforead.) > 1 GeV where
the diffractive contribution is smaller than the overall systematic uncertaintyg(ttiscussed in Sect. 6).
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Figure 7: The average track transverse momentum per event calcutgdnacks withpr > 0.5 GeV
as a function opr (lead.) for the different regions defined in Fig. 1.

5 Data unfolding using bin-by-bin corrections

Due to the complexity of the measured variables, a bin-by-bin correctiareguwe is used. The correc-

tion factors
oy9en

T gydet’

are evaluated separately for each observalile In the above expressiony %" is calculated at the
generator-level of PYTHIA MC09 and/%!is that at the detector-level of this model after the event and
the track selection. The corrected value for an observable is found hiplyimg its measured value by
the relevant correction factor.

The correction factors unfold the data to the hadron level and includeection for event selection,
efficiency corrections, purity corrections, bin-by-bin migrations, simgeof the distributions when the
leading particle is misidentified (typically, this leads a smearing of particle denfgtigse d ¢ variable).

In case if</ is a simple particle-counting observable, the bin-by-bin correction caefresented
as a ratio of the purity to the reconstruction efficiency:

C=p/e

C

wherep is a purity calculated as the ratio:

N(reco& gen)
N(reco) '

whereN(reco& gen) is the number of reconstructed tracks which originate from truth particlesrge
ated in same binN(reco) is the number of events with reconstructed tracks counted in the same bin,
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irrespective of their origin. The efficiency is defined as usual:

N(reco& gen)
N(gen)

whereN(gen) is the number of generated truth particles in the same bin wiNéreco & gen) is re-
constructed. While the efficiency is directly calculable and includes ant-eedection and standard
track-reconstruction efficiency. Both efficiency and purity have leEstimated in [5]), the purity mainly
reflects smearing effects due to miss-measurements of the leading tradks fmethe density calcula-
tions which are difficult to take into account. Thus the advantage of usinfitihley-bin correction is
that it unfolds data in one step.

Figure 9 shows thé ¢ density for charged particles at the truth level and at the detector lezek§).
The ratio of those (i.e. the bin-by-bin correction factors) are shown ibditiom figures. The correction
factors are close to 1.2 for all observables and vary smoothly for amsng?. The source of the deep at
0@ = 0 is not yet fully understood.

Similarly, Figs. 10, 11 and 12 show the densities at the truth level (stablgethgarticles) and
the detector level (for tracks). The corresponding bin-by-bin ativa factors are also shown. The
correction factors are close or below 20% for all distributions, they mu@osh and vary only slowly with

pr(lead.)

6 Systematic uncertainties

The systematic uncertainties on the measured densities were determinedingthe selection cuts
or the analysis procedure and repeating the analysis. The followingrsttestudies have been carried
out, with a typical resulting uncertainty for the given in parentheses:

e A total uncertainty on track reconstruction efficiency was assumed to bB%his uncertainty
was included by scaling the bin-by-bin correction factors assuming thadutity factor is inde-
pendent of the efficiency.

This uncertainty is significantly larger than the event selection uncertaimtyadine trigger selec-
tion of the minimum bias events and the vertex position [5].

e Since no correction on the diffractive contribution was applied, the measemt was performed
in the regions of thear (lead.) where the diffractive contribution is small (see Sect. 4).

It was checked how the rejection of low-multiplicity events, which are mostly emibed by the
diffractive contribution, affects the final measurements. For this, altsveith the number of
primary tracks below 3 were removed< (1%.)

e the minimum transverse momentum for tracks was varied by 1% in the data to talkeauont a
difference between data and Monte Carlo in resolutigtil%.)

e track selection was tightened for data and Monte Carlo by reducind@hendz0sin(6) cuts to
1 mm, and by tightening the cuts on the SCT hits.206.)

e The bin-by-bin corrections were estimated using a MC with an extra 10% mnlatefiant of the
tracking system. The extra material decreases the efficiencies and theases the bin-by-bin
correction factor(+2.5%).

31t should be pointed out that the truth level used for the bin-by-bin ctie does not contain diffractive events. This
means that the bin-by-bin correction factor corrects the data for tleepee of diffraction at the reconstructed level.
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Figure 12: The average transverse momenta for the truth level and thetaddtvels (tracks) as a
function of multiplicities. The correction factors are shown on the left side.



138 ¢ Several Monte Carlo models with different alignments were ysef.5%).

139 This uncertainty and the uncertainty due to the 10% extra material disculsed are already
140 included in the 3% uncertainty on the tracking efficiency which was usedale #te bin-by-bin
141 correction factor (see the first bullet). This will resultin a conservagstimate of the measurement
142 uncertainty due to a double counting of uncertainties. However, this wasssary in order to
143 verify the effect on the purity due to misidentification of the leading track.

144 ¢ A model dependence on the bin-by-bin corrections was estimated usingasilterPYTHIA tunes
145 (Perugia0 and DW).< 1%.)

146 We did not include a possible systematic uncertainty from the PHOJET Monlig@adel [3] since
w7 it significantly fails to describe the data at large(lead.) [5]. For the bin-by-bin corrections, an ade-
us quate description of detector-level distributions is required, thus thergiemdevel of PHOJET should
1o be re-weighted before the extraction of the correction. The PHOJET &&&kactly the same fragmen-
150 tation as for PYTHIA, thus we do not expect this model to be useful fomesion of the systematical
151 uncertainties related different modeling of the fragmentation stage. Tha\HGRonte Carlo model
12 [6, 7]is presently unavailable.

153 The overall systematic uncertainty was determined by adding the aboveaintes in quadrature.

s Results

155 Figure 13 shows the density distribution of the charged particles corréxcted hadron level as a func-
156 tion of the distance in the azimuthal angle between the leading charged pamtab¢heer charged parti-
157 cles in an event. The distribution was unfolded using the bin-by-bin diwreas shown in Fig. 9. The
158 Systematic uncertainties are almost 100% correlated. They are shown pglitne band which also
150 includes the statistical errors added in quadrature. The data are cahipaiee PYTHIA truth with
160 the MCO09c, Perugia0 and DW tunes. Although the general shapes ofdhteNlarlo distributions are
161 Similar to that of the data, none of the three Monte Carlo tunes match the daiseprec

162 Figures 14 and 15 show the charged particle density and the average taaheharged particles
13 corrected to the hadron level as a functionpgflead.). Figures 16 and 17 show the average momenta
164 as a function of charged multiplicity, and the sum of the While there are small differences in most of
15 the density and momentum distributions, it is important to note that this is not théarabe sumpr.

166 IN this case the distribution is well described by all Monte Carlo predictiofitiofigh this implies that
167 the distribution is of little use in Monte Carlo tuning, it does imply that there is little modpéddence
168 i modeling the underlying event as is necessary for example in the determinéthee jet energy scale.

w 8 Summary

o In this note, density and the average transverse spectra are studiednapared with the PYTHIA pre-
i1 dictions with different tunes. All predictions fail to describe well the dendistribution as a function
12 Of the azimuthal angle between the leading charged particle and any ottielega an event. In partic-
173 ular, the Monte Carlo predictions underestimate the hadronic final staté&aatithe transverse region
17+ and whose disagreement increases withghef the lead particle. Similarly, the lack of activity of the
175 hadronic final state in the transverse region is seen in the density distrilautiibtine average transverse
17e momenta as a function of ther(lead.). We note however, that all tunes describe well the gunin

w7 the events, which indicates that there is little model dependence in the estimategtdtihl underlying
178 event energy as is needed for the determination of the jet energy scale.
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